Introduction {#s1}
============

The incidence of thyroid cancer has been increasing over the last few decades \[[@r18]\]. In children, it is the most common endocrine malignancy, 4-fold higher in girls than in boys \[[@r18]\]. Juvenile thyroid cancer requires an intensive approach, because it has aggressive behavior, and metastasis at initial diagnosis and recurrence are common \[[@r20]\]. Radioactive iodine (RAI) is used as primary therapy to eradicate disease and reduce mortality in juvenile thyroid cancer \[[@r20], [@r27]\].

However, RAI also affects many non-thyroidal tissues that actively accumulate I^−^, including salivary glands, lacrimal glands, gonads and bone marrow \[[@r1], [@r20]\]. Although bone marrow suppression is usually transient, permanent suppression may occur with large cumulative doses \[[@r1], [@r20]\]. Besides, intentional hypothyroidism can cause clinical signs associated with thyroid deficiency, including, typically, weight gain, cold intolerance, fatigue, constipation and so on \[[@r4], [@r21]\]. Furthermore, a number of studies have shown that thyroid deficiency affects bone adversely regardless of age \[[@r16], [@r21], [@r23], [@r35]\]. Because puberty is characterized by the growth spurt, and thyroid hormone is a key factor regulating skeletal growth \[[@r5]\], any hormonal imbalance during this critical period has significant negative effects on bone growth and remodeling.

Although several negative impacts of hypothyroidism in children have been reported in response to other antithyroid agents, the combined effects of RAI exposure and hypothyroidism on growing bones are unknown. In this study, we investigated the effect of RAI-induced hypothyroidism on the long bones during the pubertal growth spurt, in female rats.

Materials and Methods {#s2}
=====================

Animal
------

Two-week old Sprague-Dawley (SD) female rats (N=16) were obtained with their mothers from Samtako Biokorea (Kyunggi, South Korea) and allowed to acclimate until the age of 21 days in plastic cages at 22--24°C, humidity 40--50%, alternating 12 h light-dark cycle, and fed a standard diet *ad libitum*. All animals were housed individually the day after weaning at 21 days of age, and were fed standard rat chow *ad libitum*. The experiment was started when the rats reached postnatal day (PD) 22, which is considered the beginning of puberty in rats \[[@r30]\]. Animal care was consistent with institutional guidelines and the Hanyang University ACUC committee approved all procedures involving animals (HY-IACUC 2013-0110A).

Experimental design
-------------------

Based on previous reports that found that thyroid cancer is the most common endocrine malignancy among children, specifically in girls \[[@r18]\], here we focused on female rats to evaluate whether pubertal RAI exposure has effects on the longitudinal bone growth. On the day before the start of the experiment, the rats were randomly assigned to 2 groups (N=8/group), a control (CT) and a radioactive iodine (RAI)-treated group, based on their bodyweights to eliminate any difference in mean body mass between the groups. The average initial body weights of the groups were 42.7 ± 3.1 g and 42.3 ± 1.5 g in the CT and RAI group, respectively. RAI (KAERI, Daejeon, Korea) was dissolved in water and fed via gavage (0.37 MBq/g body weight) on PD 22 and 29. The dosage chosen was based on dosages that had been shown to effectively destroy all thyroid tissue without compromising the general health of rats \[[@r15]\]. The animals were examined for any clinical signs and toxicity. Body weights were recorded to the nearest 0.1g with an electronic scale at one week-intervals (Dretec, Seoul, Korea). All the animals were killed with isoflurane (Forane solution; Choongwae Pharma, Seoul, Korea) following ethical protocols and procedures 3 weeks after the last RAI treatment. Terminal blood samples were collected by heart puncture and the serum samples were stored at −70°C. The experimental 4 week-period corresponded to the time of rapid skeletal growth during puberty in rats (from 22 to 62 days of age) \[[@r9]\].

Dual energy X-ray absorptiometry(DXA)
-------------------------------------

The body composition of all animals was evaluated with a DXA scanner (Discovery W QDR series, Hologic Inc., Bedford, MA, USA), using software for small animals on PD50. Total body mass (TBM, g) and bone mineral status, \[bone mineral density (BMD, g) and bone mineral content (BMC, g/cm^2^)\] of the whole body, lumbar vertebrae and both femurs and tibiae were analyzed. The animals were anesthetized by isoflurane inhalation during the examination.

Preparation of femurs and tibiae
--------------------------------

Both femurs and tibiae were dissected from each rat and cleaned of fat, muscle and connective tissue at necropsy. The bones were weighed and their lengths measured − tibiae were measured with a precision digital caliper (± 0.03 mm; NA500-1505, Bluebird, China) from the top of the plateau to the bottom of the lateral malleolar process, and femurs from the top of the greater trochanter to the bottom of the condyles.

Hormone measurement
-------------------

To confirm that RAI treatment caused hypothyroidism, serum levels of free thyroxine (FT~4~) were measured using a commercially available radioimmunoassay kit (OCFD03-FT4) (Cisbio Bioassays, Codolet, France) following the manufacturer's protocol. Intra- and inter-assay coefficients of variance for FT~4~ were less than 15%. The limit of detection of FT~4~ under the test conditions was 0.5 pg/ml. All samples were run in duplicate.

Statistical analysis
--------------------

Data for each group are expressed as mean ± standard deviation (SD). All data were analyzed using IBM SPSS Statistics 21 for Windows (IBM Corp., Armonk, NY, USA). Statistical significance for two-group comparisons was determined with the Mann-Whitney *U*-test. Significance was accepted at *P*\<0.05.

Results {#s3}
=======

Effect of RAI treatment on body weight
--------------------------------------

Hypothyroidism was confirmed by a significantly decreased level of FT~4~ in the RAI group ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Effect of RAI treatment on body weight gain in immature female rats. (A) Serum free thyroxine levels in the control and RAI groups. Marked hypothyroidism occurred in the RAI -treated animals. (B) The body weight of the rats fed with vehicle or RAI is depicted each week during the study period. FT~4~, free thyroxine; CT, control; RAI, 0.37 MBq/g body weight RAI-fed. Values are expressed as mean ± SD. \**P*\<0.05 vs. CT. Statistical analyses were performed by the Mann-Whitney *U* test for two-group comparisons.). As shown in [Fig. 1B](#fig_001){ref-type="fig"}, initial body weight was comparable in the two groups (CT, 42.7 ± 3.1 g; RAI, 42.3 ± 1.5 g) and body weight increased throughout the experimental period in both groups. However, the RAI group began to show less body weight gain than the control group on and after the 2nd week of the experiment, so leading to a substantially reduced terminal body weight (CT, 198.7 ± 7.2 g; RAI, 144 ± 10.4 g) (*P*\<0.05) ([Fig. 1B](#fig_001){ref-type="fig"}).

Effect of RAI treatment on bone minerals
----------------------------------------

The effects of RAI-induced hypothyroidism on BMC and BMD are summarized in [Table 1](#tbl_001){ref-type="table"}Table 1.Effect of RAI treatment on bone mineral status measured with DXAGroupCTRAITBM (g)199.4 ± 5.9144.0 ± 10.7BMC (g)whole body6.37 ± 0.314.76 ± 0.34lumbar0.37 ± 0.080.24 ± 0.04femurmean0.19 ± 0.010.14 ± 0.01\*right0.19 ± 0.010.14 ± 0.01\*left0.19 ± 0.020.14 ± 0.01\*tibiamean0.13 ± 0.010.10 ± 0.01right0.12 ± 0.010.10 ± 0.01left0.14 ± 0.010.10 ± 0.01\*BMD (g/cm^2^)whole body0.13 ± 0.010.12 ± 0.01lumbar0.26 ± 0.010.22 ± 0.01femurmean0.25 ± 0.010.23 ± 0.02right0.25 ± 0.010.23 ± 0.03left0.25 ± 0.010.23 ± 0.02tibiamean0.17 ± 0.010.16 ± 0.01right0.16 ± 0.000.16 ± 0.01left0.18 ± 0.010.16 ± 0.01TBM, total body mass; BMC, bone mineral density; BMD, bone mineral content. Values are expressed as mean ± SD.\**P*\<0.05 vs. CT. Statistical analyses were performed by Mann-Whitney *U* test.. Whole body BMC and lumbar BMC were lower in the RAI group (*P*=0.05), as was the mean femur BMC (*P*\<0.05). Likewise, the mean BMC of tibiae was lower in the RAI group (*P*=0.05). Similarly, whole body BMD (CT, 0.13 ± 0.01 g/cm^2^; RAI 0.12 ± 0.01 g/cm^2^) and lumbar BMD (CT, 0.26 ± 0.01 g/cm^2^; RAI, 0.22 ± 0.01 g/cm^2^) were lower in the RAI group (*P*=0.05). Likewise, mean femur (CT, 0.25 ± 0.01 g/cm^2^; RAI, 0.23 ± 0.02 g/cm^2^) and tibia (CT, 0.17 ± 0.01 g/cm^2^; RAI, 0.16 ± 0.01 g/cm^2^) BMD were lower although the differences were not statistically significant.

Effect of RAI treatment on longitudinal bone growth
---------------------------------------------------

To determine the effect of RAI-induced hypothyroidism on longitudinal bone growth, leg bones and the lengths of vertebral columns were measured. The lengths of vertebral columns were used as measures of axial growth, since the vertical growth of the vertebral body follows the same process as that of long bones \[[@r12]\]. The mean vertebral column length, measured from the upper border of the first cervical vertebra to the lower border of the 4th sacral vertebra on DXA images ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Effect of RAI treatment on the length of the vertebral column. The length of vertebral column was measured from the upper border of C1 to the lower border of S4. A DXA image is shown in the right panel. DXA; dual energy X-ray absorptiometry. Values are expressed as mean ± SD. \**P*\<0.05 vs. CT. Statistical analyses were performed by the Mann-Whitney *U* test for two-group comparisons., right panel), was lower in the RAI group (CT, 12.9 ± 0.4 cm; RAI, 10.8 ± 0.5 cm) as was the mean length and weight of femurs (26.36 ± 0.58 mm, 618.3 ± 26.53 mg, respectively) compared to the control (30.20 ± 0.68 mm, 769.5 ± 66.57 mg) ([Fig. 3A and C](#fig_003){ref-type="fig"}Fig. 3.Effect of RAI treatment on the weights and lengths of femurs (A, C) and tibiae (B, D). (E) Representative photographs of leg bones in the control (left panel) and RAI (right panel) group. Values are expressed as mean ± SD. \**P*\<0.05 vs. CT. Statistical analyses were performed by the Mann-Whitney *U* test for two-group comparisons.) (see [Fig. 3E](#fig_003){ref-type="fig"}) (*P*\<0.05). The mean weight and length of the tibiae of the RAI group (509.3 ± 58.62 mg, 31.51 ± 0.98 mm, respectively) were lower than those of the control (634.3 ± 74.76 mg, 34.13 ± 2.02 mm, respectively), although the differences were not statistically significant due to individual variation ([Fig. 3B, D and E](#fig_003){ref-type="fig"}) (*P*=0.05).

Discussion {#s4}
==========

In this study, the effect of RAI on the skeletal system was evaluated in immature female rats. Although there are a number of reports describing the effects of caffeine on the bone minerals, little is known about its direct effect on bone elongation during the peripubertal period. Our results provide clear evidence that RAI-induced hypothyroidism during puberty inhibits longitudinal bone growth and reduces bone mineral content and density in immature female rats. As thyroid hormone increases basal metabolic rate \[[@r22]\], hypothyroidism might be associated with increased body weight. Indeed, a number of clinical studies reported increased body weight gain in adult and children with hypothyroidism \[[@r14], [@r31]\]. In contrast, most animal studies found decreased body weight both in adult \[[@r3]\] and immature \[[@r9], [@r33]\] rats, in agreement with our results ([Fig. 1B](#fig_001){ref-type="fig"}). The different impact of thyroid deficiency on body weight in rodents may be due to the presence of functionally active brown fat, which responds to alternative thermogenesis in hypothyroid conditions \[[@r24]\]. In addition, RAI exposure may contribute to the reduced weight gain, because of damage to the salivary glands and decreased food intake \[[@r8]\]. Because pubertal skeletal growth is also regulated by the mechanical loading imposed on the skeleton \[[@r26]\], the reduced body weight due to RAI exposure may negatively affect calcium deposition in bone during pubertal growth spurts.

Pediatric differentiated thyroid cancer is one of the most common endocrine malignancies and its incidence has been increased in the last decades \[[@r1]\]. As a consequence, the use of the RAI therapy has also been increased for the ablation of residual thyroid or treatment of metastases \[[@r27], [@r29]\]. Therefore, much attention has been paid to potential side effects of RAI treatment \[[@r27], [@r34]\]. Although RAI therapy is generally safe and effective treatment \[[@r32]\], it has some potential side effects \[[@r2], [@r6], [@r28], [@r34]\]. A few studies combining patients of all ages have shown that RAI therapy can be associated with an increased risk for suppression of bone marrow and second malignancies including leukemia, which was greater for younger patients \[[@r2], [@r6], [@r28]\]. Therefore, the adverse effects of RAI exposure on the bone can be depending on the timing of exposure. In particular, the period of pubertal development will be susceptible to the effects of I^131^, because puberty is a vulnerable developmental period in which physical growth accelerates \[[@r13]\]. To our knowledge, there have been no reports in the world literature about the influence of I^131^ on the longitudinal bone growth, specifically in the peripubertal period. Longitudinal bone growth occurs at the growth plate through a process called endochondral ossification, in which cartilage is formed and then remodeled into bone tissue \[[@r19]\]. Given that endochondral ossification involves rapid cellular proliferation and metabolic changes in the growth plate \[[@r19]\], I^131^ can be incorporated into the growth plate and most likely, affect on bone growth during pubertal development. Longitudinal growth, as assessed on femur, tibia, and spine, was reduced in RAI-treated animals ([Figs. 2](#fig_002){ref-type="fig"} and[3](#fig_003){ref-type="fig"}). The deleterious effect of RAI was more pronounced on the length of the femur than on that of the tibia and spine. This may be due to different rates of growth in different parts of skeletal system at different times \[[@r12], [@r17]\]. Considering that the pubertal growth spurt contributes more than 15% to total adult height \[[@r12]\], a significant decrease in the rate of longitudinal bone growth may lead to a shortening of the final length of the adult bone.

Longitudinal bone growth is tightly governed by complex endocrine controls. The thyroid hormone is one of the key endocrine factors regulating longitudinal bone growth during the fetal and pubertal growth spurts by affecting other systemic hormones such as parathyroid hormone-related peptide (PTHrP) and growth factors \[[@r5]\]. In fact, congenital thyroid deficiency delayed bone growth in both human \[[@r10]\] and animal \[[@r4]\] studies. Puberty, a developmental period in which physical growth accelerates, is vulnerable to any hormonal imbalance and to RAI exposure \[[@r16]\]. As expected, we found impaired long bone growth in RAI-treated immature rats ([Figs. 2](#fig_002){ref-type="fig"} and[3](#fig_003){ref-type="fig"}) as consistent with previous reports \[[@r9], [@r20]\]. On the other hand, BMC mainly increases during the pubertal growth spurt \[[@r12]\] and thyroid hormone has opposing effects on bone mineralization depending on bone maturational status \[[@r7]\]. This observation is supported by several clinical studies, which observed increased bone density in adults with hypothyroidism \[[@r35]\], and reduced bone minerals in congenital and juvenile hypothyroidism \[[@r10], [@r11]\]. Consistent with this, we found decreased bone mineral content in immature animals with hypothyroidism ([Table 1](#tbl_001){ref-type="table"}). Since most of the acquisition of minerals occurs during puberty, results from adults may not be applicable to growing bone and thyroid deficiency at that time causes defective mineralization and increases the lifetime risk of fracture \[[@r16]\]. Although thyroid deficiency may adversely affect bone cells, RAI exposure itself can also suppress the growth of bone marrow cells, including osteoprogenitor cells, because of its uptake in bone \[[@r25]\].

Up to now there have been no data on the interaction between thyroid hormones regulating long bone growth and RAI exposure during the pubertal growth spurt. Our results demonstrate that RAI-induced hypothyroidism can interfere with the pubertal growth spurt. The effects of RAI exposure in adults cannot be generalized to children, since the distribution and incorporation of the same dose of RAI into skeletal system might be different between children and adult. For instance, RAI distribution in bone marrow of specifically lower extremities was more prominent in younger patients \[[@r36]\]. Although interspecies extrapolations from rats to humans have to be made with great caution, our results in female rats clearly demonstrate that RAI-induced hypothyroidism can alter parameters related to pubertal growth such as BMC and BMD, and lead to shortening and lightening of long bones. However, RAI administration along with thyroid supplementation needs to be further examined to identify the negative effect of RAI exposure itself on growing bones because RAI can also be efficiently taken up into bone cells.

HC participated in design, data analysis, and development of the manuscript, KYR and JR participated in the experiments and data analysis, and JB participated in the design of the study, data analysis, and supervision. JB takes responsibility for the integrity of the data analysis. All authors read and approved the final manuscript. This work was supported by the research fund of Hanyang University (HY-2015).
